Abstract
Introduction

Fujimoto et al., 2010). 41
In fish, androgenesis can be induced via a 2-step process. Firstly, the nuclear 42 DNA of unfertilized eggs is genetically inactivated by irradiation. Secondly, the 43 irradiated eggs are activated with haploid or diploid sperm. If intact haploid sperm are 44 used, the embryos develop as abnormal haploids, and are required to recover diploidy 45 via pressure-or heat-shock treatment at the pro-metaphase of the first mitosis (Sakao 46 et al., 2006) . Irradiation of the eggs before activation by sperm is carried out by using 47 gamma rays, X-rays, or ultraviolet (UV) rays. All 3 irradiation methods are effective 48 for inactivating the egg nucleus, but require specific equipment. In particular, gamma 49 and X-ray irradiation require special facilities for safe practice, and are therefore not 50 suitable for routine use (Arai, 2001 ). UV irradiation does not require special facilities, 51 but has low penetration ability, and therefore only eggs with a diameter of <2 mm can 52 successfully be irradiated (Komen and Thorgaard, 2007) . For all 3 types of irradiation, 53 7 AA). The eggs were then transferred to a Styrofoam box containing 6 L hot tap water 117 (42 ± 0.5 °C) and incubated for 2 min. After heat-shock treatment, the containers were 118 returned to the Styrofoam box containing 6 L ambient tap water (20 ± 0.5 °C) and 119 incubated until 210 min AA. Subsequently, the eggs of each group were transferred to 120 90-mm diameter plastic dishes (1 group per plastic dish) and incubated at 22 °C until 121 72 AA. As an intact control group, we used just-fertilized eggs that had been 122 The cleavage rate was calculated as the proportion of cleaved eggs to the total number 128 of eggs used, at 4 h AA. The somite stage rate was calculated as the proportion of 129 surviving embryos to the total number of eggs used, at the somite stage. The hatch 130 rate was calculated as the proportion of hatched larvae to the total number of eggs 131 used. Larvae with the expression of melanophores on their bodies were designated as 132 wild-type larvae, while larvae without melanophores on their bodies were designated 133 as orange larvae. The orange rate was calculated as the proportion of orange larvae to 134 the total number of hatched larvae. 135 136
Determination of ploidy, paternity, and homozygosity
137
At approximately 72 h AA, when color phenotypes became detectable, larvae were 138 further analyzed for relative DNA content by using flow cytometry (PA-II, Partec 139
GmbH, Münster, Germany), according to the procedure of Fujimoto et al. (2007) . To 140 determine the ploidy, paternity, and homozygosity of larvae from 141 diploidization-treated groups, each larva was first digested by using 85 µL of solution 142
A (CyStain DNA 2 step, Cod. 05-5005, Partec GmbH) for 15 min. Next, 15 µL of the 143 digested solution was stained by using 500 µL of solution B (CyStain DNA 2 step, 144
Cod. 05-5005, Partec GmbH), and analyzed by using flow cytometry. The remaining 145 70 µL of digested solution was used for DNA extraction. 146
Thirty putative DHs (15 normal and 15 abnormal), together with the female and 147 male parents, were genetically analyzed for 28 microsatellite loci (covering 27 148 linkage groups) of loach (Table S1 ). DNA extraction and microsatellite genotyping 149 were performed according to Morishima et al. (2008) . 150 151
Statistical analysis 152
All experiments were performed in triplicate. Data are shown as mean ± SD; because 153 of differences in egg quality, arcsine transformations were used for some groups, in 154 order to fit the normal distribution. Data were checked for normality using the 155 Shapiro-Wilk test, and analyzed with one-way ANOVA followed by Duncan's 156 multiple comparisons (P > 0.05). The data of microsatellite genotyping were analyzed 157 using Chi-square goodness-of-fit (P > 0.05). All statistical analyses were performed 158 by R (R Core Team, 2012). 159 160
Results
161
Optimization of the duration of the cold-shock treatment
162
The cleavage rates, somite stage rates, hatch rates, and orange rates for groups 163 subjected to different durations of cold-shock treatment are shown in Table 1 . We 164 determined no significant differences in cleavage rate among treated groups and the 165 intact control group (P > 0.05). By contrast, the somite stage rate and hatch rate for 166 the eggs subjected to cold-shock treatment for 40 min, 50 min, or 60 min, but not for 167 20 min or 30 min, were significantly lower than those of the intact control group (P < 168 0.05). The groups subjected to 20 min, 30 min, or 40 min of cold-shock treatment 169 contained 3 types of larvae: (1) abnormal orange-type larvae (a recessive color marker 170 of androgenesis); (2) abnormal wild-type larvae; and (3) normal wild-type larvae. The 171 group subjected to 50 min of cold-shock treatment contained 2 types of larvae: (1) 172 abnormal orange-type larvae; and (2) abnormal wild-type larvae. The group subjected 173 to 60 min of cold-shock treatment contained only abnormal orange-type larvae ( Table  174 2). The intact control group contained 2 types of larvae: (1) abnormal wild-type larvae; 175 and (2) normal wild-type larvae. The orange rate was highest (98.41 ± 2.75%) in the 176 group subjected to 50 min of cold-shock treatment, and lowest (32.42 ± 9.65%) in the 177 group subjected to 20 min of cold-shock treatment. The yield rate of haploid 178 androgenotes was calculated by multiplying the hatch rate by the orange rate; the 179 yield rate for the group subjected to 30 min of cold-shock treatment was 31.65 ± 180 12.66% (Figure 1) . 181
Ploidy analysis indicated that most of the abnormal orange-type larvae in the 182 groups subjected to cold-shock treatment were haploid, and few were diploid ( Table  183 2). In the groups subjected to 30 min or 40 min of cold-shock treatment, diploid and 184 triploid normal wild-type larvae were found. Among the abnormal wild-type larvae 185 from the groups subjected to cold-shock treatment, diploid, haploid, and aneuploid 186 larvae were found. In the intact control group, all the normal wild-type larvae were 187 diploid. Our results indicate that cold-shock treatment just after activation of the egg 188 can induce haploid androgenesis, as evidenced by the presence of the abnormal 189 orange phenotype and ploidy analysis. 
Optimization of the initiation timing of the heat-shock treatment
192
The cleavage rates, somite stage rates, hatch rates, and orange rates for groups 193 subjected to different diploidization treatments are shown in Table 3 . For all treatment 194 groups, the cleavage rates did not differ significantly from that of the control group 195 (P > 0.05). By contrast, the somite stage rates and hatch rates of all treatment groups 196 were significantly lower than those of the control group (P < 0.05). The treatment 197 group in which the heat-shock treatment was initiated at 65 min AA showed the 198 highest somite stage rate and also the highest hatch rate (27.64 ± 7.08% and 21.87 ± 199 6.01%, respectively). The treatment groups in which the heat-shock treatment was 200 initiated at 60 min, 65 min, and 70 min AA contained 4 types of larvae: (1) normal 201 wild-type larvae; (2) abnormal wild-type larvae; (3) normal orange-type larvae; and (4) 202 abnormal orange-type larvae (Figure 2 ). The treatment group in which the heat-shock 203 treatment was initiated at 55 min AA contained only abnormal orange-type larvae. 204
The flow cytometry results indicated that all of the normal orange-type larvae 205
were diploid (Table 4) . Most of the abnormal orange-type larvae were diploid; 206 however, haploid, triploid, tetraploid, pentaploid, aneuploid, and mosaic larvae were 207 also found. For all treatment groups, normal and abnormal wild-type larvae showed 208 similar ploidy status to that of the abnormal orange-type non-haploid larvae; however, 209 hexaploid larvae were also found. By contrast, all of the normal wild-type larvae in 210 the intact control group were diploid. 211
We designated the orange diploid larvae as DHs, and calculated the total yield 212 rate as the frequency of orange diploid larvae relative to the total number of eggs used. 213
The yield rate of normal DHs was calculated as the frequency of normal orange 214 diploid larvae relative to the total number of eggs used. Among the 4 treatment groups, 215 the group in which the heat-shock treatment was initiated at 65 min AA showed 216 significantly higher yield rates of total and normal DHs (10.43 ± 1.69% and 4.39 ± 217 1.46%, respectively) than did the remaining treatment groups and the intact control 218 group (P < 0.05) (Figure 3) . 219 220
Determination of paternity and homozygosity
221
The paternity and homozygosity of 30 putative DHs were determined by using 28 222 microsatellite loci from 27 linkage groups of loach (2 markers for linkage group 12, 223 and 1 marker each for the remaining 26 linkage groups; Morishima et al.
, 2008). For 224
all of the 28 loci tested, only paternal alleles were transmitted to the orange diploid 225 progeny, and no maternally derived alleles were observed (Table 5 
028). 232
The 30 orange diploid progeny were completely homozygous in all of the 28 loci 233 tested, in which the male parent was heterozygous in 18 loci, and homozygous in the 234 remaining 10 loci. Therefore, the orange diploid progeny were DH androgenotes. 235 236
Discussion
237
Irradiation is widely used to induce androgenensis in fish (Komen and Thorgaard, 238
2007). Successful genetic inactivation depends upon the optimum irradiation 239
procedure, and the use of specialized protection media to maintain the activation 240 ability of the eggs. In the present study, we have shown that androgenetic DHs can be 241 induced in loach without irradiation of eggs, by using a combination of cold-shock 242 treatment just after activation of the eggs and heat-shock treatment at 65 min AA. By 243 eliminating the requirement for specialized protection media and irradiation, our 244 technique simplifies the process for androgenetic induction of fish. 245
The yield rate of normal androgenetic DHs in our present study was 4.39 ± 246 1.46%. Such a low yield rate is common in studies of induced androgenesis, and can 247 be explained by a number of hypotheses. Scheerer et al. (1991) suggested that the 248 manipulation procedure was largely responsible for the mortality of androgenetic 249 diploids, and that genetic factors were relatively unimportant. In our present study, the 250 cleavage rates of the groups subjected to heat-shock treatment did not differ 251 significantly from those of the intact control group. However, development was 252 arrested at the gastrulation stage in a large number of eggs, and this was followed by 253 high mortality. Another possible explanation for the low yield rate of androgenetic 254
DHs is the expression of recessive lethal genes, because of unmasking by 255 homozygosity. However, further studies are required to clarify these hypotheses. 256
The mechanism by which cold-shock treatment induces androgenesis remains 257 unclear. One possible explanation is that activation of the egg triggers the signal to 258 proceed to the second meiosis, and thereby the release of the second polar body. The 259 cold-shock treatment suspends these events, leading to a breakdown of the second 260 meiosis spindles, and the enclosure of the metaphase chromosomes within a 261 chromosome mass. After the cold-shock treatment, the interrupted meiosis restarts, 262 but the enclosed chromosomes are unable to separate, resulting in the release of a 263 "whole second polar body." Morishima et al. (2011) showed that eggs subjected to 264 cold-shock treatment contained 4 types of second polar body extrusion, one of which 265 was the egg nucleus released with second polar body, such that only the sperm 266 nucleus remained in the egg. This sperm nucleus transformed into a male pronucleus, 267 which subsequently initiated androgenetic development. 268
Besides androgenetic orange haploid progeny, eggs subjected to cold-shock 269 treatment just after activation produced diploid and triploid wild-type progeny. 1 Data represent mean ± SD; total number of eggs, total hatch rate, and total orange rate are shown in parentheses. 2 Different superscript letters within columns denote significant differences as determined by the one-way ANOVA and Duncan's multiple comparisons (P > 0.05). 7N-2N, 1.9N-2.2N, 1.9N-2.8N, 2.6N-3N, and 2N-4N ; 
